Removal of nitrogen and phosphorus is known to be somewhat problematic in vertical subsurface flow (VSSF)-constructed wetlands. In this pilot-scale study, two planted (Typha latifolia L.
Introduction
T hrough agricultural practices, urbanization, industrialization, and other alterations, humans have increased the input of nutrients, and especially nitrogen and phosphorus, into biochemical cycles (Aslan and Kapdan, 2006) . Nitrogen and phosphorus are responsible for eutrophication, and are usually removed through physical, chemical, and biologic methods. Biologic methods are often favored because of their low equipment and maintenance costs (Van Dongen et al., 2001) , but conventional biologic wastewater treatment technologies such as activated sludge, trickling filters, and stabilization ponds do not allow enhanced nutrient removal (Tanwar et al., 2007) . The application of an appropriate technology to improve nutrient removal is therefore necessary, especially for wastewater that is discharged into water bodies (Mace and Mata-Alvarez, 2002; Dapena-Mora et al., 2004) .
Many studies demonstrate that constructed wetlands have a great potential to remove nitrogen and phosphorus (Brix et al., 2001; Vymazal, 2007) . Constructed wetlands are engineered systems that are designed to use natural wetland processes that are associated with wetland hydrology, soils, microbes, and plants to treat wastewater (Kadlec and Knight, 1996) . Constructed wetlands can be classified into two types according to the flow regime: free water surface flow (SF) wetlands and subsurface flow (SSF) wetlands, the latter type having either horizontal flows (HSSF) or vertical flows (VSSF) (Yang et al., 2001; Vymazal, 2007) . Because the surface of the water in SSF systems is maintained below the tip of the wetland substrate, there are fewer problems arising from odors, insect vectors, or public exposure (Yang et al., 2001) . In addition to these advantages, nutrients such as nitrogen and phosphorus come into direct contact with the wetland substrates (Pant et al., 2001) , making them suitable for use in the treatment of nutrient-enriched water.
Uptake by plants and other living organisms, ammonification (mineralization), nitrification, denitrification, ammonia volatilization, and cation exchange for ammonium usually contribute to the nitrogen removal in constructed wetlands (Brix, 1993) . The removal mechanisms for phosphorus include chemical adsorption and precipitation and biologic transformation (Sakadevan and Bavor, 1998) . The current efficiency with which SSF remove most organic substances is satisfactory (Ansola et al., 2003; Merlin et al., 2002) , but the removal of nitrogen and phosphorus is known to be somewhat problematic (Luederitz et al., 2001; Brix et al., 2001) . In Europe, the typical rate of removal of ammonia-nitrogen in long-term operations is only 35%, or up to 50% following modifications to stimulate the transformation of nitrogen (Verhoeven and Meuleman, 1999) . Phosphorus removal is strictly associated with the physical-chemical and hydrological properties of the filter material, as phosphorus is mainly sorbed or precipitated on the filter media (Faulkner and Richardson, 1989; Kadlec and Knight, 1996; Vymazal et al., 2000) . In most constructed wetlands, the removal of phosphorus does not exceed 50% (Verhoeven and Meuleman, 1999) . It is therefore necessary to design wetlands that can achieve much higher phosphorus removal rates (Luederitz et al., 2001) .
Due to their relatively small surface requirement and good aeration conditions (McBride and Tanner, 2000) , VSSF-constructed wetlands have become a common choice for the treatment of nutrients during the past decade (Prochaska and Zouboulis, 2006) . VSSF-constructed wetlands favor the biologic removal of BOD 5 through aerobic decomposition, and of nitrogen through nitrification and denitrification (Sun et al., 1999; Leonard et al., 2003; Mander et al., 2003) . The removal of phosphorus can also be improved, because it increases the pollutant-microbe contact and the rate of oxygen transfer, which greatly enhances the assimilation of phosphorus by the plants and microbes in the wetland (Behrends et al., 2000; Mander et al., 2003) .
Using some biofilm carrier, such as polypropylene pellets, may enhance biologic removal of nitrogen and phosphorus in constructed wetlands. Polypropylene pellets have a large surface area, high void space, and are prone to be colonized with bilofilm. These qualities made them useful in improving the biologic removal of nitrogen and phosphorus (Yu et al., 2005; Liu et al., 2006) . However, so far there have been few or no reports of the application of biofilm carriers, including polypropylene pellets, in constructed wetlands (Boley et al., 2000) . Using polypropylene pellets as part of constructed wetlands substrate may increase overall construction fees, however, in some cases, polypropylene pellets are worth being applied in the constructed wetlands.
In this study, shale was used as main constructed wetlands substrate for nutrient removal, and polypropylene pellets, derived from a nearby domestic wastewater treatment plant, were used to replace part of the substrate. The aims of this pilot-scale study were as follows: (1) to investigate the performance of VSSF-constructed wetlands for the treatment of nitrogen and phosphorus by polypropylene pellets; (2) to examine the effect of polypropylene pellets on the distribution of nitrogen and phosphorus concentrations within VSSF-constructed wetlands; and (3) to evaluate the effect of polypropylene pellets on the aboveground biomass and its corresponding nutrient content.
Materials and Methods

Materials
Three materials were used in this study: gravel, shale, and polypropylene pellets. The gravel was obtained from a local building material market and the shale was obtained from Ji County in Tianjin, China. The selected physical properties of the gravel and shale, such as the porosity and grain size distribution, were measured, and their values are given in Table 1 . The polypropylene pellets were obtained from a local wastewater treatment plant, and their basic properties are listed in Table 2 . 
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Design of the combined vertical flow-constructed wetland
Three analogous pilot-scale VSSF-constructed wetlands were designed, constructed, and operated in the yard of Tianjin Hydraulic Scientific Institute, Tianjin, China. Each VSSF-constructed wetlands comprised two single units, as shown in Figure 1 , which consisted of two polyethylene columns. The dimension of the columns was 0.5 m in diameter and 1.3 m in height. In system A, the down-flow column was filled with gravel to a depth of 0.3 m as the bottom layer, followed by a layer of polypropylene pellets with a depth of 0.2 m and of shale with a depth of 0.4 m as main filter layer, and then a 0.1-m layer of gravel on top to reduce the risk of clogging. The only difference between the downflow unit and the up-flow unit was the main shale layer, which in the up-flow unit was 0.3 m, thus giving a water level that was 0.1 m lower than that of the down-flow unit. This design ensured that the wastewater flowed naturally by gravity and acted as a passive pump to draw air from the atmosphere into the substrate, thereby creating good aeration conditions. The substrate in system B was similar to that in system A, except that the polypropylene pellets were replaced with shale. Unplanted system C was designed as the control system, with a substrate that was identical to that of B.
Horizontal sampling holes (internal diameter of 6 mm) were settled in each column at depths of 0. 
Plant establishment
On May 1, 2006, each column was planted with eight young Typha latifolia L. (with similar aboveground biomass in the main layers of all systems). Dead plant parts were removed during planting to prevent them from falling in the wetland cells. Mean individual plant heights in the downflow and up-flow wetland cells were 40 Ϯ 2 cm and 38 Ϯ 3 cm for system A and 40 Ϯ 3 cm and 39 Ϯ 3 cm for system B, respectively. The macrophyte was obtained from a local commercial supplier. The systems were monitored either once or twice per week, and invasive seedlings were immediately removed after detection. All systems were watered as required depending on the weather. The water level was kept constant at 0.1 m below the level of the gravel surface (top layer). After 1 week, young T. latifolia were already taller than 0.3 m. Then 30 l of eutrophic Jin River water was added each day. It took nearly 2 weeks for plants to acclimatize. Young and new shoots of T. latifolia were observed in all planted systems. Also, 2 weeks later, the mean individual height of young cattail reached approximately 0.4 m in systems A and B.
Experimental operation
The pilot-scale VSSF-constructed wetland systems consisted of wastewater pumps, a wastewater storage well, feed tanks, and tubes. Eutrophic water from the Jin River was pumped into the storage well in a constant supply. As the quality of the eutrophic Jin River water varied across the experimental period, the quality of the influent that was discharged into the wetland systems was not constant. The mean values and standard deviations of the main influent water quality parameters during the experimental period were recorded, and the values are listed in Table 3 . However, due to the fact that suspended solid concentrations and turbidity were very low in the inflow (Ͻ 80 mg/L and Ͻ 30 NTU, respectively) and effluent (Ͻ 20 mg/L and Ͻ 5 NTU, respectively), these two variables were not measured routinely. Moreover, no clogging was observed for all of the wetlands in the experiment.
Because of limited land, high hydraulic rates are preferable for the treatment of eutrophic river or lake water in China (Wang and Tan, 2005) . Using the same inflow rate (which means the same treatment capacity) may be a much better design than using the same hydraulic residence time (HRT). Flow rate of the influent here was controlled at 0.16 L/min. Based on the porosity data (Table 1) , height of the above filled material and the diameter of the column, the calculated HRT for system A, B and C were 21.1 h, 18.3 h, and 18.3 h, respectively. These values were comparable to those reported in other treatment studies (Li et al., 2008) . The 3-h difference in HRT between systems A and B, C was assumed insignificant compared to the recommended HRT design criteria of 5-7 days (Kadlec and Knight, 1996) .
Water sampling and analysis
Sampling was carried out between June 2006 and November 2006 . Influent and effluent water samples were taken once per week during the whole experiment. From horizontal sampling holes, separate water samples were also taken in all three systems four times (once per week) to evaluate the effect of the polypropylene pellets on the distribution of the nitrogen and phosphorus concentration. As the downflow columns were connected to the up-flow columns at the bottom of each system, only one bottom water sample was taken. In this month, the T. latifolia planted in systems A and B achieved their maximum individual plant height. Mean individual plant heights in the down-flow and up-flow wetland cells were 240 Ϯ 10 cm and 238 Ϯ 8 cm for system A, 242 Ϯ 9 cm and 238 Ϯ 13 cm for system B, respectively.
Water samples were analyzed for pH, chemical oxygen demand (COD), dissolved oxygen (DO), water temperature,
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Overflow Water samples were taken at a frequency one per week; sample number: 4 COD cr , chemical oxygen demand; NH ammonia-nitrogen (NH 4 -N), nitrate-nitrogen (NO 3 -N), total nitrogen (TN), total phosphorus (TP), and soluble reactive phosphorus (SRP) on the date they were taken, according to the standard methods (APHA, 1995) . Evapotranspiration was estimated by measuring the total inflow and outflow. The removal efficiency calculations were based on mass balance.
Plant harvest
The highest monthly mean atmospheric temperature over the experimental period (31.5°C) was recorded in August 2006, and the minimum value of 7.8°C occurred in November 2006. T. latifolia that were planted in the constructed wetlands began to wither at the end of November 2006 as the atmospheric temperature decreased. To prevent the resulting translocation of nitrogen and phosphorus from the aboveground biomass to the belowground biomass, the aboveground biomass was harvested from systems A and B. The biomass was then divided into stems and leaves and dried at 80°C until a constant weight was achieved (usually after 48 h). The results were then converted to gram dry mass. The separated biomass was powdered and analyzed for total nitrogen and total phosphorus content according to the method of Huett (1997) . The results were then converted to mg N and mg P per g of dry stem or leaves. Because all aboveground T. latifolia initially planted in systems A and B had withered and been cleared away in early May 2006, the aboveground biomass before planting was ignored. Based on the difference of biomass, nitrogen, and phosphorus content of T. latifolia before planting and after harvesting (see below), the effect of the polypropylene pellets on their biomass and nutrient content was evaluated. In this study, harvested aboveground stems and leaves were powdered and used as nutrient supply for grass and flower planted in the yards of Tianjin Hydraulic Scientific Institute.
Results and Discussion
Effect of polypropylene pellets on nutrient removal
COD removal. For eutrophic Jin River water, Zhang et al. (2006) reported that BOD concentrations were between 10 and 30 mg/L. Wu et al. (2003) reported BOD concentrations between 8 and 14 mg/L. In this study, BOD concentrations (Ͻ 15 mg/L) were negligible ( Table 3 ), so that measurement of BOD was not carried out routinely. In planted constructed wetlands, microbes are particularly active in the root zone of the top substrate (Ragusa et al., 2004; Vymazal, 2007) , which could facilitate the degradation of organic matters, and improve the COD removal. As shown in Figure 2 , planted systems A and B showed better COD removal performance than unplanted control system C.
During the whole experimental period, COD removal performed much better in system A than in system B, polypropylene pellets increased the COD removal. In August 2006, polypropylene pellets resulted in an additional COD removal of 8.44% in system A in contrast to system B (Fig. 2) . With the decrease of atmospheric temperature, COD removal rates reached the lowest values in November, which was the coldest month during the experiment.
Biologic degradation is one of the most important COD removal routes in constructed wetlands. Polypropylene pellets can enhance the microbial growth and propagation (Yu et al., 2005; Liu et al., 2006) , and thus improve the COD removal performance. In this study, COD removal rates were lower than those reported (70%-90%) in the literature (Gómez Cerezo et al., 2001; Merlin et al., 2002) , probably because the HRT used here is considerable less than that used in the above two similar systems (usually between 2 and 5 days), suggesting that the contact and biologic degradation of organic matters in constructed wetlands were probably not at the optimal level.
Nitrogen removal. Through biomass uptake and root zone nitrification-denitrification, wetland plants increased NH 4 -N removal greatly (Kadlec and Knight, 1996; Brix, 1997; Vymazal, 2007) . Figure 3A shows that planted systems A and B had higher NH 4 -N removal than that unplanted control system C.
From June 2006 to July 2006, polypropylene pellets may have been in the process of biofilm colonization, polypropylene pellets have failed to increase the NH 4 -N removal in these initial 2 months. The maximal removal rate was observed in August 2006. During this very hot month, T. latifolia was observed to achieve its maximum aboveground biomass, polypropylene pellets resulted in an improvement in NH 4 -N removal of approximately 13.38% (Fig. 3A) . After August 2006, monthly mean NH 4 -N removal rates began to slowly decrease due to the fall in atmospheric temperature.
Although the "disappearance" of NH 4 -N may result from the collective action of plant uptake, substrate adsorption, and volatilization, it is believed that these processes make only a minor contribution to the overall NH 4 -N removal (Sun et al., 2005; Vymazal, 2007) . The process of immobilization into microbial cells, or biomass assimilation, plays a significant role in the removal of NH 4 -N (Cannon et al., 2000) . In Figure 2 , much better COD removal in planted systems A and B indicated that microbial activities were much higher if wetland plants were present. It is therefore reasonable to believe that nitrification and immobilization into microbial cells were the major routes of NH 4 -N removal.
As indicated in Figure 3B , monthly mean removal rate of NO 3 -N in planted system B was much higher than in unplanted system C, it follows that wetland plants played an important role in NO 3 -N removal. Most NO 3 -N removal is through biomass uptake and denitrification in the root zone (Kadlec and Knight, 1996; Brix, 1997; Bigambo and Mayo, 2005; Vymazal, 2007) . According to Figure 3B , both planted systems A and B removed a significant amount of NO 3 -N, up to approximately 70% on average. In August 2006, NO 3 -N removal efficiency for system B even reached nearly 80%. However, during the entire experimental period, system B showed better NO 3 -N removal than system A, it can thus be concluded that polypropylene pellets have played no significant role in NO 3 -N removal. The transformation processes that facilitate NO 3 -N removal in wetland systems are denitrification and uptake by plants and microbes (Kadlec and Knight, 1996; Brix, 1997; Bigambo and Mayo, 2005; Vymazal, 2007) , but several studies have indicated that bacteria prefer the autotrophic uptake of NH 4 -N over a corresponding NO 3 -N (Metcalf and Eddy, 1995; U.S. Environmental Protection Agency, 1999). Therefore, it can be assumed that NH 4 -N is utilized by biomass as long as it is available in the wetland system and that NH 4 -N is rarely in short supply. Similar dissolved oxygen concentrations observed at each sampling depth in system A and B (Table 4) implied that adsorption other than nitrification-denitrification may cause the difference in NO 3 -N removal between these two planted wetlands systems.
TN removal (Fig. 3c ) predominantly comprised NH 4 -N ( Fig.3a) and NO 3 -N (Fig. 3B) removal. The mean TN concentration in eutrophic Jin River water was 7.34 mg/L (measured over 6 months). Findings show that 5.74 mg/L (78.20% of TN) was present in the form of NH 4 -N. So the NH 4 -N removal (Fig. 3A) mirrored the pattern of TN removal (Fig.  3C ). According to Figure 3C , wetland plants made a great contribution to TN removal, with the monthly mean TN removal rate in both systems A and B being much higher than that in system C.
Between June and July, TN removal rate was somewhat lower in system A than in system B. From August to November, polypropylene pellets enhanced the TN removal in system A, with the maximal removal being reached in August. In this study, results for NH 4 -N and NO 3 -N removal indicated that the NO 3 -N uptake by microbes did not perform well, and nitrification-denitrification completed similarly in both planted wetland systems. It follows that uptake by plants and microorganisms (e.g., microbial assimilation of NH 4 -N) may result in the enhancement of TN removal when pellets are used as wetlands substrate.
Phosphorus removal. According to Figure 4A , both planted systems showed better SRP removal performance than the unplanted system. Moreover, the SRP removal rates were relatively higher in system A in comparison to those in system B. The figures for TP removal, which are shown in Figure 4B , exhibit the same pattern as those for the removal of SRP. The concentrations of SRP and TP in the influent were very low, with average values of 0.40 mg/L and 0.52 mg/L, respectively. These small loadings may have caused high removal efficiencies of systems A and B. As there was a higher SRP/TP ratio in the influent, the amount of organic phosphorus (Org-P) in the systems, which is equal to TP minus SRP, was thus very small, and the effect of the mineralization of Org-P can be neglected.
Maximum SRP and TP removal rates were observed in August 2006 (Fig. 4) improvement of approximately 9.29% and 8.95% for SRP and TP removal, respectively. Plant uptake and substrate adsorption contributed mostly to phosphorus removal, considering that the substrate was "new" and may therefore have sufficient binding capacity (Sakadevan and Bavor, 1998) , it is likely that microbial assimilation is the driver in phosphorus transformation processes (Kadlec and Knight, 1996) .In this study, enhancement of COD and nitrogen removal indicated that microbial activity was enhanced when polypropylene pellets existed. It is believed that the process of microbial assimilation also makes a contribution to phosphorus removal. (Fig. 5A ) mirrored the pattern of TN (Fig. Cc) . The two figures show that the NH 4 -N and TN concentrations in planted systems A and B decreased faster than those in the unplanted system C, with the greatest decrease occurring in the upper 0.3m substrate in both down-flow and up-flow columns. Studies concerning root distribution of wetland plants indicate that nearly all rhizome and root biomass growth occurs in the upper 0.3 m zone of substrates (Tanner and Sukias, 1995; Scholz, 2006) . DO concentrations at 0.3 m of planted systems A and B in Table 4 were much higher than those in unplanted C, thus stimulating nitrifying bacteria and enhancing NH 4 -N removal. Therefore, NH 4 -N and TN concentrations in systems A and B decreased much faster than those of system C in this zone. Figure 5A and 5C show that the NH 4 -N and TN concentrations in system A were lower than those in system B at each depth, which indicates that NH 4 -N and TN were more prone to removal when polypropylene pellets were present.
Effect of polypropylene pellets on nutrient concentration distribution
Figure 5B also showed that most of the NO 3 -N decrease again occurred in the upper 0.3 m of substrate in the planted system, where readily biodegradable organic matter provides sufficient carbon to enhance denitrification (Scholz, 2006) . Use of polypropylene pellets could increase the wetland microbe's concentrations after biofilm formed in this month, but microbial uptake of NH 4 -N was preferred over NO 3 -N (Mayo and Bigambo, 2004) , thus the use of polypropylene pellets did not result in correspondingly greater NO 3 -N removal in system A than in system B.
Phosphorus concentration distribution. SRP concentrations distribution (Fig. 6A ) looks similar to that of TP (Fig. 6B) . The wetland plants clearly facilitated phosphorus reduction, with systems A and B showing much better SRP and TP removal than the unplanted system C. Like nitrogen, most of the decrease in phosphorus concentration occurred in the upper 0.3 m of substrate. According to Figure 6A and 6B, the use of polypropylene pellets improved the phosphorus removal, SRP and TP concentrations were slightly lower in system A than in system B at each sampling depth.
Effect of the polypropylene pellets on the aboveground biomass and nutrient content
The results for the harvested aboveground biomass are shown in Table 5 . The dry weights of the stems and leaves were 390 g and 625 g, respectively, for system A, which were somewhat lower than the values for system B of 455 g and 680 g, indicating that the polypropylene pellets did not benefit the increase of aboveground T. latifolia biomass. However, these results should be viewed with some caution considering that the systems were relatively small and that "edge effects" may have influenced the results. Due to high biomass yields, the utilization of T. latifolia biomass as fuel was recommended by Ciria et al. (2005) .
The TN and TP content in separated stems and the leaves were analyzed to evaluate the effect of the polypropylene pellets on nutrient assimilation of T. latifolia. Results in Table  5 show that TN content of T. latifolia was 3.96 mg N/g dry stems and 13.47 mg N/g dry leaves for the system A, and 2.47 mg N/g dry stems and 4.53 mg N/g leaves for the system B. The TP content in system A was also much higher than that in system B, with 5.44 mg P/g dry stems and 5.46 mg P/g dry leaves for system A and 2.55 mg P/g dry stems and leaves for system B. There was significant difference between the nitrogen and phosphorus contents in separated batches of stems and leaves for the systems A and B. It follows that polypropylene pellets has some effect on nutrient assimilation of the aboveground biomass.
Although the weight of aboveground T. latifolia biomass in systems A was lower than that in system B, the relatively high content of nitrogen and phosphorus resulted in additional total nitrogen and phosphorus removal of 29.38 g N/m 2 and 13.47 g P/m 2 by the presence of polypropylene pellets. If it is assumed that plant uptake and storage of nitrogen and phosphorus only occurred from water column, from June to November 2006, mass balance calculations that were based on influent concentrations, wetlands area, and removal rates showed 1033.53 and 980. pellets as wetland substrate. Obviously, our findings indicated that improved active uptake and incorporation into plant tissue was a major factor responsible for the total observed enhancement in nitrogen and phosphorus removal. Furthermore, as nitrogen and phosphorus are transported from the roots and rhizomes to the shoots in spring and from the shoots to the root and rhizomes in fall, TN and TP contents of aboveground biomass were much higher in spring than in fall. A similar phenomenon was also observed in this study. The TN and TP contents in T. latifolia stems and leaves before planting were much higher than those harvested at the end of the experiment (Table 5 ).
Summary and Further Research Needs
The water quality from pilot-scale VSSF wetlands with polypropylene pellets was generally better than comparable systems without the pellets during the entire test period. Polypropylene pellets improved nitrogen and phosphorus removal, especially in August, where it apparently stimulated wetland microbial activity. In August 2006, T. latifolia L. (cattail) was observed to achieve its maximum aboveground biomass content.
Polypropylene pellets resulted in a much faster decrease in ammonia-nitrogen, total nitrogen, soluble reactive phosphorus, and total phosphorus concentrations in comparison to wetlands without polypropylene pellets. The greatest proportion of the decrease of ammonia-nitrogen, total nitrogen, soluble reactive phosphorus, and total phosphorus occurred in the upper 0.3 m of the substrate in planted wetlands.
Polypropylene pellets did not favor the increase of aboveground plant biomass. However, total nitrogen and total phosphorus contents increased. Aboveground plant biomass harvest resulted in additional total nitrogen and phosphorus removal of 29.38 g N/m 2 and 13.47 g P/m 2 when polypropylene pellets were used. The use of polypropylene as constructed wetland substrate represents a promising approach to improve nitrogen and phosphorus removal efficiency in constructed wetlands, especially for eutrophic water treatment.
In this study, active uptake and incorporation into plant tissue was mainly responsible for the improved nitrogen and phosphorus removal by using pellets as part of substrate. However, microbial development as well as root growth was not estimated in the study in order to avoid frequently destroying the filter composition. Therefore, further research could be done to improve the understanding of the above considerations. In addition, it is necessary to investigate the effect of polypropylene pellets on hydraulic properties as well as substrate's surface characters in constructed wetlands, which would give an indication of biofilm formed on the substrate surface. In this study, HRT was 3 h longer in system A than in system B and C, and its possibly positive contribution was neglected. Separate experiments are thus suggested to examine the effect of HRT on nitrogen and phosphorus removal in VSSF-constructed wetlands filled partly with polypropylene pellets.
